Model chemistries for electronic structure calculations are consistent levels of theory that can be applied to a variety of systems. 1,2 An advantage of model chemistries is that they can be tested and validated on systems for which accurate results are available so that their level of reliability can be assessed; such validation and reliability estimates are very useful when computational methods are applied to practical applications.
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For dynamics computations, there are two sources of error − the potential energy surface or surfaces and the dynamical method itself. In order to disentangle these sources of error, it is desirable to compare approximate dynamics calculations to accurate quantum mechanical dynamics for given realistic potential energy surfaces. 3 This enables one to estimate how much error is due to the dynamical method itself, and in principle this information can be combined with a separate estimate of the reliability of the potential surface to gauge the overall credibility of dynamical prediction.
Variational transition state theory with multidimensional tunneling corrections [4] [5] [6] [7] [8] [9] (VTST/MT) has bee extensively validated against accurate quantum mechanical dynamics, especially for atom-diatom reaction. 10 Recently, well converged quantum dynamical calculations for a realistic potential energy surface became available for the title reaction over the 200−500 K interval, 11 and these were used 12 to test VTST/MT. In an even more recent paper 13 the results at 400−500 K were revised, and the temperature 2 interval was extended up to 1000 K. This extension is very important because now the upper temperature limit includes the lower range of interest for combustion 14 and because the rate constant at higher temperatures includes much greater contributions from excited vibrational states. This provides an opportunity to extend the previous critical test of VTST/MT for a polyatomic reaction, and this extension is presented in the present note.
The potential energy surface used for the previous 11-13 and present studies is Jordan-Gilbert surface, 15 which is a modified version of an older surface by Joseph et.
al. 16 The quantum dynamics calculations 13,33 are well converged for total angular momentum zero, and contributions of higher total angular momenta are added by separable rotation approximation.
The versions of VTST used here are canonical variational theory (CVT 3,4,17 ) and improved canonical variational theory (ICVT 4,18 ). Tunneling contributions are included by the microcanonically optimized multidimensional tunneling (µOMT) algorithm 8, 9 which involves the ground-state transmission coefficient approximation,4 semiclassical methods for calculating tunneling probabilities in terms of multidimensional imaginary action integrals, 5-9 and choosing at each total energy between the small-curvature tunneling 7 (SCT) approximation, and the large-curvature tunneling 6,8,9 (LCT) approximation. The version of the LCT approximation used here is the most recent one, 9 called version 4; this represents a modification of the version-3 algorithm 8 that was used for many years in order to take better account of anharmonicity along low-energy 3 tunneling paths. All generalized normal mode analyses required for the calculation were carried out in redundant curvilinear coordinates with the harmonic approximation. 19, 20 Although anharmonicity is known to be important, [21] [22] [23] one can rely on a certain amount of cancellation between anharmonic corrections for the reactant and for the generalized transition states, 10,23 and testing the validity of this and other assumptions of the standard VTST/MT approach is the goal of the present work. VTST/MT also involves the separable rotation approximation, 24 but that is not really tested here because it is also used in the quantum dynamics calculations; however, tests of the separable rotation approximation on simpler systems indicate that it is very accurate when applied using accurate dynamical data from a high enough value of J. [25] [26] [27] The comparison of the new calculations to quantum dynamical 11,13 rate constants is given in Table I . For convenience the ratios of approximate rate constants of both Ref.
12 and here to the quantum dynamical ones are given in Table II for selected temperatures. In addition to ICVT/µOMT (our most accurate model) and CVT/µOMT (a slightly simpler model that is easier to apply to condensed-phase systems), we also present the results of conventional 24 transition state theory without tunneling (denoted TST) and CVT without tunneling. Conventional TST and CVT without tunneling lead to significant errors at low T. Both CVT/µOMT and ICVT/µOMT are accurate within 22% over the full factor of 5 in temperature. This is quite gratifying, especially when one considers that the quantum rate constant increases by more than eight order of magnitude over this temperature range. The approximate methods employed here are available as standard options in POLYRATE computer program, 28 which is available on the Internet. 29 
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The computer time for the calculations in Table I is 63 seconds on one processor of an IBM SP computer.
The fact that the error in CVT/µOMT is only 21% at 200 K is very encouraging in that temperature of 200−300 K are very important for atmospheric modeling. The fact that the error in CVT/µOMT is only 21% at 300 K is very encouraging since ensembleaveraged CVT/µOMT has recently been developed as a general method for enzyme kinetics at physiological temperature. 34 The fact that the approximate theories remain accurate at the highest temperature studied, 1000 K, is very encouraging for combustion applications. The ability of the flux correlation function method [30] [31] [32] [33] employed by Huarte-Larrañaga to provide benchmark calculations for testing dynamical theories is very encouraging for the future progress of computational science in addressing the fundamental problems of chemical kinetics. 
